Transactive response DNA-binding protein 43 (TDP-43) is associated with Alzheimer disease (AD), progressive hippocampal atrophy, and cognitive decline. The apolipoprotein E (APOE) ε4 allele is strongly associated with β-amyloid (Aβ) aggregation and risk of AD, but its association with TDP-43 is unknown.
A lzheimer disease (AD) has been classically characterized by the aggregation of β-amyloid (Aβ) and paired helical filament tau. 1 However, transactive response DNA-binding protein 43 (TDP-43), an RNA-binding protein that functions in exon skipping, 2 has also recently been associated with AD. 3 Indeed, TDP-43 is present in 65% to 80% of the brains of patients with AD 4,5 and is associated with progressive hippocampal atrophy, a hallmark of AD, 6,7 and memory loss in AD. 8 Therefore, TDP-43 appears to be a substantial factor in AD pathogenesis.
Transactive response DNA-binding protein 43 aggregation in AD begins in the amygdala (stage 1) and then moves to entorhinal cortex and subiculum (stage 2); the dentate gyrus of the hippocampus and occipitotemporal cortex (stage 3); the insular cortex, ventral striatum, basal forebrain, and inferior temporal cortex (stage 4); the substantia nigra, inferior olive, and midbrain tectum (stage 5); and finally to the basal ganglia and middle frontal cortex (stage 6).
9,10 Evidence from a crosssectional study showed that the presence of TDP-43 was associated with smaller hippocampal volume closest to death. 8 In addition, a recent longitudinal study found that patients with an intermediate to high probability of AD who had TDP-43 aggregation had faster rates of hippocampal atrophy beginning almost a decade before death. 11 Given that TDP-43 affects all of the key features of AD, it is important to better understand the risk factors of TDP-43 deposition. Apolipoprotein E (APOE) ε4 has long been recognized as the strongest risk factor for the development of AD and is robustly linked to Aβ. 12 We previously found evidence of an association between APOE ε4 and TDP-43, 8 ,11 accounting for
Braak stage, and therefore we wanted to assess the association of APOE ε4 with TDP-43 in a comprehensive disease model. A recent study found APOE ε4 was associated with TDP-43 independently of Aβ and tau in a series of regression models. 13 In this study, we investigate the cross-sectional association between APOE ε4 and TDP-43 by mapping the potential associations between APOE ε4, Aβ, tau, and TDP-43. Based on earlier evidence, 11 we hypothesized that tau deposition occurs before TDP-43 deposition. We fit our primary models using this framework. In addition, given the strong association between TDP-43 and hippocampal sclerosis, we explored whether the APOE ε4 allele was directly linked to hippocampal sclerosis with the assumption that hippocampal sclerosis occurs downstream of TDP-43 deposition, which additionally provides a built in sensitivity analysis.
Methods

Study Design and Participants
We conducted a cross-sectional genetic-histological study, analyzing postmortem brain tissue from 738 participants with an AD spectrum pathological diagnosis who were enrolled in the Mayo Clinic Alzheimer Disease Research Center, Mayo Clinic Alzheimer Disease Patient Registry, or the Mayo Clinic Study of Aging. The Mayo Clinic Alzheimer Disease Patient Registry and the Mayo Clinic Study of Aging are population-based studies that were designed to study incident mild cognitive impairment and dementia. 14 Patient demographics are presented in Table 1 . This study was approved by the Mayo Clinic institutional review board. All patients or their proxies provided written informed consent before participating in any research activity.
The patients died between May 12, 1999, and December 31, 2015. All cases were identified from the Mayo Clinic neuropathological database and 668 (90.5%) had received an AD spectrum pathological diagnosis in accordance with the National Institute on Aging-Alzheimer Association diagnostic criteria. 15 We also included 70 cases (9.5%) with a Braak neurofibrillary tangle stage of 0 or greater and Aβ negative status because most are also considered a part of the AD spectrum pathological diagnosis. 16 Cases with a pathological diagnosis of a frontotemporal lobar degeneration, progressive supranuclear palsy, or corticobasal degeneration were excluded. Cases without an APOE genotype (n = 13) were not included in the study.
APOE Genotyping
Apolipoprotein E genotyping was performed for all 738 patients, as previously described. 17, 18 For statistical analyses, APOE was coded as a binary variable (1 for ε4 carriers and 0 for noncarriers).
Pathologic Analysis
Neuropathological examinations were performed according to the recommendations of the Consortium to Establish a Registry for AD. 19 Every specimen was assigned a Braak neurofibrillary tangle stage 20 using a modified Bielschowsky silver stain on the basis of the distribution of neurofibrillary tangles. We categorized all cases into Braak subgroups (B0, Braak 0; B1, I ≤ Braak ≤ II; B2, II < Braak ≤ IV; B3, Braak > IV Findings In this cross-sectional study of 738 older adults with an Alzheimer disease spectrum pathological diagnosis, the APOE ε4 allele was both directly (ie, independent of β-amyloid and tau) and indirectly (ie, mediated by β-amyloid and tau) associated with TDP-43.
Meaning
The APOE ε4 allele appears to be a risk factor for TDP-43 in a model that accounts for age, β-amyloid, and tau, adding to the evidence that suggests that TDP-43 is a substantial factor in Alzheimer disease.
CA1 and/or subiculum regions of the hippocampus in the presence of TDP-43 deposition.
21,22
Transactive response DNA-binding protein 43 was assessed according to our proposed TDP-43 staging scheme.
9,10
Amygdala blocks were sectioned and immunostained for TDP-43 in all 738 cases (polyclonal antibody MC2085 that recognizes a peptide sequence in the 25-kDa C-terminal fragment 23 ) with a DAKO-Autostainer (DAKO-Cytomaton) and 3, 3′-diaminobenzidine as the chromogen. Sections were lightly counterstained with hematoxylin. Sections of amygdala were screened for the presence of TDP-43-associated lesions, including neuronal cytoplasmic inclusions, dystrophic neurites, perivascular inclusions, and neuronal intranuclear inclusions. We screened the amygdala in our cases, given that this region has been determined to be the first affected region in AD by TDP-43. 24 
Statistical Analysis
We used counts and percentages to describe categorical variables and medians and ranges to describe continuous variables. Values in the TDP-43-negative and -positive groups were compared using Fisher exact or Wilcoxon rank sum tests.
To address our primary aim, we used structural equation models (SEMs) to map the associations between APOE ε4, age, Aβ, tau, and TDP-43. Structural equation models are a widely used technique in the behavioral sciences and can be considered a combination of factor analysis and regression models. While regression models are discussed using the terms association and coefficient, SEMs use the terms direct (unmediated), indirect (mediated), and total (direct + indirect) associations. We chose an SEM because it allows a variable to be a predictor and an outcome. We thought this was appropriate given that we do not know the order of events of protein deposition. In this study, the endogenous variables in the SEMs were 2-level (Aβ and TDP-43) or 3-level (tau) categorical variables. The statistical methods for the SEMs are detailed in the eMethods in the Supplement.
Direct, indirect, and total associations leading into the same outcome variable can be compared with each other using the regression coefficients. However, associations that lead into different outcomes cannot generally be compared because of the different scales of measurement of the outcomes. We report P values, regression estimates, and standard errors on the probit scale. We also report the predicted probabilities of TDP-43 positivity given the combinations of variables that have a direct association with TDP-43. We first fit SEMs that included all of the possible pathways between the variables in the system (Figure 1) . We then removed pathways with a P value >.05 ( Figure 1 ) and fit a more parsimonious model. Sensitivity analyses are described in the Supplement. Analyses of those with TDP-43 having a high probability of AD (B3 neurofibrillary tangle stage). Similarly, 94% of TDP-43-positive cases were Aβ-positive compared with 88% of TDP-43-negative cases. Hippocampal sclerosis was found in 34% of TDP-43-positive cases. Notably, the 54% of TDP-43-positive patients who were APOE ε4 carriers was significantly higher than the 36% APOE ε4 carriers in TDP-43-negative cases.
In the primary structural equation model (SEM), we did not see an association of APOE ε4 with tau, age with Aβ, or Aβ with TDP-43 (Figures 1 and 2 ). As described in the Methods, these associations were removed and the final model was fit without these nonsignificant associations ( Figure 2 ). After accounting for age, Aβ, and tau, we found that APOE ε4 had a direct association with TDP-43 (estimate [SE], 0.31 [0.11]; P = .01) ( Table 2 and Figures 1 and 2 ). We also found an indirect association of APOE ε4 with TDP-43 through Aβ and tau ( Figures 1 and 2 ) of similar magnitude (0.34 [0.06]; P < .001) to the direct association of APOE ε4 with TDP-43. The total association of APOE ε4 with TDP-43 was also significant (0.65 [0.11]; P < .001) ( Table 2) . Further, the tau (0.30 [0.05]; P < .001) and age (0.38 [0.06]; P < .001) direct and overall associations with TDP-43 were also significant. Notably, we did not observe a direct association between age and Aβ ( Figures 1 and  2) ; however, this could be partially because of the older age of the participants in the cohort in this study (the mean [SD] age of participants was age 85 [9.5] years). Table 2 shows the estimated individual and total effects of all the pathways. This SEM with TDP-43 as the outcome fits the data well (comparative fit index, 1.00; acceptable threshold, >0.95; TuckerLewis index, 1.00; acceptable threshold, >0.95).
A second SEM model that assumed TDP-43 was not associated with the other variables (ie, APOE, age, Aβ, and tau) did not fit the data well. In the original model, the aggregate association of TDP-43 with the other variables was highly significant (P < .001), suggesting that TDP-43 is an integral part of AD pathogenesis in this older cohort (ie, accounting for age, Aβ, and tau).
We additionally observed a direct association of APOE ε4 on Aβ (1.316 [0.16]; P < .001; Figures 1 and 2) . Indeed, our findings confirm the known associations between APOE ε4 and Aβ and tau. We did not find a direct association of APOE ε4 on tau ( Figures 1 and 2) ; there was only a significant indirect association of APOE ε4 with tau through Aβ (Figure 1) . We did find a direct association of age with tau (−0.132 [0.06]; P = .04).
The APOE ε4 allele had a similar association with TDP-43 regardless of neurofibrillary tangle stages. When we stratified the association of APOE ε4 by low (B1; n = 134 cases) vs intermediate-high (B2 and B3; n = 604 cases) probability of developing AD, and after adjusting for age and Aβ, we found similar direct associations in both models via comparable regression coefficients. The P values in B1 cases were at a trend level Table 2 . Aβ indicates β-amyloid. The results of these SEMs can be translated to predicted probabilities ( Table 3) . For example, an 85-year-old non-APOE ε4 carrier individual with B1 tau stage has a 42% predicted probability of being TDP-43 positive. By contrast, if the same individual is instead an APOE ε4 carrier, their probability of being TDP-43 positive increases to 55%. This 13% probability increase for APOE ε4 carrier vs noncarrier status was similar for the B2 (13%) and B3 (11%) neurofibrillary tangle stages. To summarize this concisely, we can say that 85-yearold APOE ε4 carriers are roughly 10% more likely to have TDP-43 in the brain at death compared with APOE ε4 noncarriers across B1, B2, and B3 stages. Similarly, APOE ε4 carriers In a sensitivity analysis, we explored the possibility that APOE ε4 also had an association with hippocampal sclerosis (eFigure 1 in the Supplement). This model did not change any of the previously discussed associations with TDP-43, but it did show additional significant associations of APOE ε4 with hippocampal sclerosis. However, the association of APOE ε4 with hippocampal sclerosis was indirect through TDP-43. To state this more simply, we did not find a direct association of APOE ε4 with hippocampal sclerosis after accounting for age, Aβ, tau, and TDP-43. The first indirect association was from APOE ε4 through TDP-43 (0.65 [0.26]; P = .01) and the second indirect association was from APOE ε4 thorough Aβ, tau, and TDP-43 (0.66 [0.19]; P < .001).
In our secondary analysis that used ordinal coding of Aβ and tau, we again observed that APOE ε4 had direct (0.319 [0.11]; P = .003) and total (0.663 [0.11]; P < .001) associations with TDP-43 (eTable in the Supplement). Moreover, APOE ε4 had indirect associations with TDP-43 through age, Aβ, and tau. In contrast to the primary model, we also observed an additional significant association of APOE ε4 with tau and an association of age with Aβ. This is likely due to the increase in power that was obtained from the increased information in the ordinal rather than dichotomized variables for Aβ and tau. eTable in the Supplement shows the direct, indirect, and total associations of these pathways and eFigure 2 in the Supplement illustrates these associations.
Discussion
We mapped a system of variables in 738 patients with an AD spectrum pathological diagnosis to investigate the association between APOE ε4 and TDP-43 while accounting for age, Aβ, and tau. We found that in all of the models the APOE ε4 allele had a direct association with TDP-43 (ie, the association was independent of Aβ) in the brains of patients with AD, suggesting that the ε4 allele is a risk factor for TDP-43.
We also observed an indirect association of APOE ε4 with TDP-43 through Aβ. The direct and indirect associations of APOE ε4 on TDP-43 were of similar magnitudes. Thus, these pathways-the direct and indirect associations through Aβ and tau-could be equally significant and important in AD pathogenesis. Additionally, we confirmed that there is an association of APOE ε4 with Aβ. Moreover, we found that when stratifying by tau neurofibrillary tangle stage, the estimates remained stable. Although we had limited power in the lowest neurofibrillary tangle stage group (B1), the estimate for the association was comparable with the association for greater neurofibrillary tau tangle stages (B2 and B3). A limitation of these methods is that we cannot compare the importance or relevance of associations across outcomes. That is, we cannot directly compare the APOE ε4 association with Aβ with the APOE ε4 association with TDP-43. However, because the predicted probability of ε4 carriers having TDP-43 or Aβ in their brain at death is 10% greater than noncarriers-holding all other variables constant-it may be inferred that the separate associations of APOE ε4 with Aβ and TDP-43 are of similar magnitudes. Regardless, the findings from this study are further evidence supporting the hypothesis that TDP-43 plays an important role in AD.
Although Aβ and tau are traditional hallmarks of AD, many older adults die with a substantial burden of additional proteins and neurodegenerative processes in their brains. In fact, if we only consider Aβ and tau, there are many patients who have these 2 proteins yet do not have cognitive impairment, which has been termed resilience.
27 A recent study showed, similarly, that APOE ε4 is associated with TDP-43 independently of Aβ and tau by using a series of regression models.
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This study provides further evidence of the direct, indirect, and total associations of APOE ε4 with TDP-43 by using SEMs. Given this new evidence of an association of APOE ε4 with TDP-43, it strengthens the argument that TDP-43 is a missing link in the chain of cognitive decline in AD. However, the results from this analysis should be considered within the context of the model, which accounted for age, Aβ, tau, and hippocampal sclerosis, but there may be other, as yet unmeasurable variables that play a role in this pathway. Past research suggests that TDP-43 is a substantial contributor in AD 4, 8 ; therefore, the finding that APOE ε4, the strongest risk factor for AD, is directly associated with TDP-43 while accounting for age, Aβ, and tau, although novel, should not be astonishing. Furthermore, APOE ε4 has been associated with other diseases, such as frontotemporal lobar degeneration, 28 in which Aβ is typically absent, yet TDP-43 plays an important role. The APOE ε4 allele, along with increasing age, has been associated with copathologies in differing dementia diagnoses. 29 With that said, to our knowledge, the biological mechanism of how APOE ε4 may cause or influence the deposition of TDP-43 without going through Aβ is unknown. Apolipoprotein E ε4 is thought to reduce the clearance of Aβ and is also thought to be involved with increased aberrant brain activity, increased neuronal toxicity, and increased brain atrophy. 31 Hence, any of these "non-Aβ mechanisms" could result in a decreased clearance of TDP-43 species, or increased toxicity or toxic deposition of TDP-43 species. Therefore, although we do not have a current mechanism to account for an association of APOE ε4 with TDP-43 independent of Aβ, it is a possible link that is worthy of further investigation.
In our sensitivity analysis, we further investigated whether hippocampal sclerosis occurring downstream of TDP-43 changed the observed associations and whether APOE ε4 is associated with the presence of hippocampal sclerosis. We did not see any difference in the association between APOE ε4 and TDP-43 when we included hippocampal sclerosis in the SEM. In fact, we found that an indirect association between APOE ε4 and hippocampal sclerosis was via TDP-43. We did not find a direct association of APOE ε4 with hippocampal sclerosis and we did not find an association through Aβ. This further strengthens the hypothesis that hippocampal sclerosis is a downstream effect of TDP-43 and supports an association between APOE ε4 and TDP-43 that is independent of hippocampal sclerosis.
In the secondary analysis, which coded Aβ as 4 levels and tau as 7 levels, we found that APOE ε4 had a direct association with Aβ and tau; a direct association with Aβ was also found in the primary analysis. We did not observe a direct association with tau in the primary model that coded Aβ as 2 levels and tau as 3, which may be due to the increase in power and the fact that SEMs perform better with continuous variables. The association between APOE ε4 and Aβ is well established, as APOE ε4 inhibits the clearance of Aβ 32 and is the strongest risk factor for AD. 33 On the other hand, our finding that the APOE ε4 allele is associated with tau is novel, and more studies will need to be conducted to further investigate this association. A recent study by Shi and colleagues 34 in cell and mouse models found that APOE ε4 was associated with phosphorylated tau and taumediated neurodegeneration, although the tau isoform (4 repeated tau) was different from the tau isoforms that we analyzed in our models (mixed 3 + 4 repeated tau).
Limitations
One of the main limitations to this study is the relatively small sample size of the B0 and B1 groups. In addition, in the analyses we hypothesized that tau deposition occurs before TDP-43, which limited our ability to assess for an association of TDP-43 with tau.
Conclusions
Increasing evidence now suggests that TDP-43 has an important role in AD. It is associated with cognitive performance, hippocampal degeneration, and APOE ε4 independently of Aβ. Therefore, predictive models for TDP-43 will be important in understanding the AD pathogenesis, including who may be at risk of developing cognitive impairment. Although Aβ and tau are fundamental to AD development, research that attempts to entirely explain the risk of developing AD through only these proteins has stagnated and they alone are not sufficient to understand the disease. Transactive response DNA-binding protein 43 is very likely one of the missing pieces of the puzzle. It will be critical to develop methods to measure TDP-43 in vivo to better understand its risk factors, progression of pathology, and association with Aβ and tau progression and to understand the trajectories of cognitive decline. SEMs can be considered a type of extension of a regression model. While regression models are discussed using the terms "association" and "coefficient," SEMs use the terms "direct"
(unmediated), "indirect" (mediated), and "total" (direct + indirect) effects to describe pathways within the specified model framework. Regression models have two layers, one consisting of an outcome variable, and one consisting of one or more predictor variables. clearer picture of processes involved in complex diseases than is possible with classical regression models. We can estimate direct effects (associations joining two variables without any intervening variables), indirect effects (associations joining two variables which pass through intervening or mediating variables), and total (sum of direct and indirect) effects. In the example above, a classical regression model using APOE 4 and A to predict tau might find that APOE 4 is not associated with tau after adjusting for A . However, a SEM would allow us to test if APOE 4 influences tau indirectly through A , and is thus an important part of the process.
Logistic regression (using a logit link function based on the inverse of the cumulative logistic function) and probit regression (using a probit link function based on the inverse of the cumulative normal distribution) are two common choices for dealing with categorical outcomes.
Regression coefficients in probit models can be complicated to interpret (they cannot be readily converted to odds ratios as in logistic regression). However, probit models have one distinct
advantage over logistic models in SEMs: the direct and indirect effects can be added together to get total effects. This is not true for logistic regressions. We used probit regressions in these
SEMs. The equations of the direct effects can be obtained from the tables. The generic equation
for the effect on TDP-43 can be written as such:
Probit(TDP-43) = intercept + APOE 4estimate + tauestimate + ageestimate +
Sensitivity analyses:
We also performed a sensitivity analysis adding hippocampal sclerosis to the SEM. In this model we made the assumption that hippocampal sclerosis is a downstream phenomenon related to TDP-43. This assumption is based on the universal findings of TDP-43 in the absence of hippocampal sclerosis, but the lack, or rarity, of hippocampal sclerosis in the absence of TDP-43.
Hippocampal sclerosis was another binary endogenous variable, and we again used probit models in the SEM. We added a small constant to deal with the zero count of hippocampal sclerosis in the absence of TDP-43.
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In a secondary analysis we fit an additional SEM to map the associations between APOE 4, age, A , tau, and TDP-43 using ordinal variables for A and tau. A was classified into four levels using CERAD scores (0=normal; 1=sparse/possible; 2=moderate/probable; 3=frequent/definite).
Tau was classified into seven levels (Braak 0-VI). Besides these changes in coding of A and tau, the models remained the same. APOE and TDP-43 were coded as positive (1) or negative (0). A was coded as CERAD scores 0-3. Tau was coded as Braak 0-VI.
